Photodimerisations of chalcone and its derivatives in the molten state proceed efficiently and stereoselectively to give rac-anti-head-to-head dimers in all cases tested.
Introduction
Although photodimerisations of chalcone and its derivatives in solution have long been studied, most gave unsatisfactory results. For example, irradiation of chalcone 1a 1 and 4Ј-methylchalcone 1b 2 in solution gave the corresponding antihead-to-head dimers 5a and 5b, respectively, in very poor yield.
3
Photodimerisation of chalcones 1 in the solid state has also long been studied in order to correlate crystal-packing geometry with photochemical behaviour. 4 In spite of many efforts at photodimerisation by several research groups, all such attempts have failed except for one uncertain dimerisation experiment on 4-methoxychalcone 1d 5 in the solid state which gave a mixture containing syn-head-to-head dimer 2d. 3 X-Ray analysis of compound 1d as a crystal showed that the shortest contact of C᎐ ᎐ C groups of two neighbouring 1d molecules is 4.2 Å. In all other photochemically inert chalcones, the shortest contacts are longer than 4.2 Å. Finally, the rule 'the photodimerisation of chalcone occurs when the distance between C᎐ ᎐ C groups is shorter than 4.2 Å', the so-called Schmidt's rule, has appeared. 6 However, in an inclusion crystal of chalcone 1a with 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol host compound 3, 7 1a molecules aggregate in close positions and give product 4a in 90% yield by photoirradiation in the solid state. 
Results and discussion
We found that photodimerisations of chalcone and its derivatives proceed efficiently and stereoselectively in the molten state and give the corresponding rac-anti-head-to-head dimers 5 in relatively good yields. Irradiation of one polymorphic crystal of chalcone 1a (form II, mp 56 ЊC) 9 (1 g) at 60 ЊC for 24 h by a 400 W high-pressure Hg lamp gave, after recrystallisation from MeOH, compound 5a as prisms (0.31 g, 31%; mp 123-125 ЊC). Similar irradiation of another polymorphic crystal form of chalcone 1a (form I, mp 59 ЊC) 10 at 60 ЊC also gave compound 5a in 28% yield. This is a very efficient photodimerisation method, because neither form I nor form II of chalcone 1a gives any dimer by photoirradiation in the solid state.
9, 10 The structure of product 5a was elucidated from its 1 H NMR spectrum which shows highly shielded CH proton signals at δ 3.97 and 4.61. The structure was finally determined by X-ray analysis (Fig. 1) . Although X-ray data for compound 5a have already been reported, 11 we used our own data, because of its improved quality. Dimer 5a has been prepared so far in 9% yield as a crystal (mp 124 ЊC) by photoirradiation of chalcone 1a in EtOH for 147 h, and the structure has been estimated by a chemical method.
2 Similar irradiation of compound 1b (1 g, mp 74-75 ЊC) at 80 ЊC for 24 h gave, after recrystallisation from MeOH, dimer 5b as prisms (0.27 g, 27%; mp 112-114 ЊC). By comparison of its 1 H NMR spectrum with that of dimer 5a, the structure of compound 5b was determined. By prolonged irradiation of compound 1b in EtOH for 16 days, a mixture of its two kinds of dimers, mps 114 and 218 ЊC, has been obtained in 45% yield. 9 The former product would be identical with dimer 5b. Similarly, irradiation of chalcones 1c (mp 96-98 ЊC), 11 1d (mp 74 ЊC) 5 and 1e (mp 127 ЊC) 12 in their molten state gave the corresponding rac-anti-head-to-head dimers 5c (25% yield; mp 128-129 ЊC), 5d (20% yield; mp 90-92 ЊC) and 5e (32% yield; mp 137-139 ЊC), respectively, in the yields indicated. Structures of compounds 5c-e were elucidated by comparison of their 1 H NMR spectra with that of the parent dimer 5a.
All photodimerisations of chalcones 1a-e in the molten state gave rac-anti-head-to-head dimers 5a-e. This result suggests that two molecules of chalcone 1 aggregate in the liquid state so as to give the dimer 5 by photoreaction as shown in structure 6. Since irradiation of substrates 1a and 1b in solution also gives dimers 5a and 5b, respectively, in low yields, 2 molecules of chalcone 1 would also be relatively easy to aggregate as species 6 even in solution. The aggregation of dimers 5a-e as species 6 would be energetically the most favourable. Since photodimerisation of chalcones 1 is more efficient in the molten state than in solution, molecules of substrate 1 would more easily aggregate as structures 6 in the molten state. In solution, solvent molecules probably interrupt the molecular aggregation of chalcones 1.
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3 On the other hand, molecules of 4Ј-chlorochalcone 1c were found to be arranged in the crystal in a different manner from that of analogue 1d. Irradiation of powdered compound 1c 12 (1 g) in a stirred water suspension containing a small amount of hexadecyl(trimethyl-)ammonium bromide as a surfactant for 12 h by 100 W highpressure Hg-lamp gave syn-head-to-tail dimer 4c as prisms, after recrystallisation from AcOEt (0.31 g, 31%; mp 255-257 ЊC). An X-ray analysis showed that two 1c molecules are aggregated at 4.238 Å shortest C᎐ ᎐ C contact in the positions which give the 4c dimer by photoreaction (Fig. 2) . However, 4Ј-methylchalcone 1b molecules are arranged in the same way as are the 1c substrate molecules, although C᎐ ᎐ C contact is too long, 4.5 Å, to dimerise in the solid state (Fig. 3) . Chiral order of 4,4Ј-dimethylchalcone molecules 1e 13 in their crystal state has been elucidated by X-ray analysis. 13 Enantioselective bromine addition to the chiral crystal of compound 1e which gives the optically active bromine addition product in low optical yield has also been reported.
14 Although irradiation of the chiral crystal of compound 1e was carried out in the solid state in the expectation of the formation of optically active photodimer, substrate 1e was photochemically inert. This is very reasonable, because the C᎐ ᎐ C contact in the compound 1e crystal is too long (5.9 Å) to react. 13 The chiral arrangement of compound 1e molecules in the crystal was easily detected by measurement of CD spectra (Fig. 4) in Nujol mull. 15 In Fig. 4 , a nice mirror-image relationship of two enantiomeric chiral crystals of 1e is shown. 
Of the four possible dimers of chalcones 1, three of them, compounds 2, 4 and 5, were isolated and their structures were elucidated completely. Since the syn-head-to-tail dimer structure of 4 has never been elucidated directly so far, the X-ray (Fig. 5) . However, no anti-head-to-tail dimer 7 was detected in any of the photodimerisation experiments which have been carried out so far. This shows that the molecular aggregation such as 8 which gives dimer 7 by photodimerisation would be unfavourable. It is also clarified that mps of chalcone photodimers become higher in the sequence: 4 (232-257 ЊC) > 2 (164 ЊC) > 5 (90-139 ЊC).
Experimental
Mps were measured on a Yanaco MP-53 apparatus and are uncorrected.
1 H NMR spectra were recorded in CDCl 3 by a JEOL LA-300 300 MHz spectrometer. J-Values are given in Hz. IR spectra were recorded on a JASCO FT-IR spectrophotometer for samples as Nujol mulls.
Photodimerisation of compound 1a in the molten state
Chalcone 1a (1 g, 4.8 mmol) was placed in between two Pyrex glass plates and the sample was melted by being heated at 60 ЊC on a hot-plate, and thereafter was irradiated with a 400 W highpressure Hg lamp for 24 h. The oily crude product was crystallised by addition of a small amount of MeOH to give, after recrystallisation from MeOH, compound 5a as prisms (0 . 
Photodimerisation of compound 1d in the molten state
By a similar method to that above, chalcone 1d (1 g, 4.2 mmol) was irradiated in the molten state for 24 h to give, after recrystallisation
X-Ray crystal structure analysis
Crystal data for compound 4a. 
